birds, and amphibians have shown that local thermal manipulation of peripheral, hypothalamic, and spinal cord receptors can elicit appropriate changes in heat loss and heat production (1, 28). However, pronounced quantitative differences have been observed among several species in response to cooling of the spinal cord, spinal cordhypothalamic temperature interaction, and spinal cordambient temperature interaction (13, 15, 16, 26). Although the functional range of body temperatures of the mammals that undergo hibernation may vary by more than 3O"C, these animals have been shown to respond to preoptic-hypothalamic, ambient, and spinal cord temperature manipulations in a manner similar to other mammals (9, 19, 22, 23, 30, 32). Hypothalamic temperature sensitivity has been shown to change with ambient temperature and states of arousal during normothermia (5, 9, 23, 30) as well as during hibernation (8, 20, 30, 32). Prior to this investigation the interaction of temperature receptors of the spinal cord with those of the hypothalamus and the periphery has not been established for any species that hibernates. Although ascending thermal signals have been shown to alter hypothalamic electrical activity (33), spinal cord thermoresponsiveness has not been correlated with the arousal state of a conscious animal. (Some of these results were published in a preliminary form, see Ref. 21.) It was therefore the purpose of this study to characterize thermal sensitivity of the spinal cord with ambient temperature, hypothalamic sensitivity, and arousal states in a normothermic hibernator,
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MATERIALS AND METHODS

General Procedure
Male and female yellow-bellied marmots, Marmota fZaviuentris, weighing between 3 and 4 kg were chosen for this study. Animals were maintained on Purina lab chow and water provided ad libitum in a 1ight:dark cycle of 1200:1200 at an ambient temperature (T,,) of 20 k 1°C.
U-shaped spinal thermodes were made from Intramedic polyethylene tubing (Clay-Adams, Parsippany, NJ) (PE 50, 0.023 in. ID, 0.038 in. OD) which was immersed in boiling water to produce a hairpin bend in the center of a 28-cm length of tubing.
Anesthesia was induced and maintained with a halothane-oxygen mixture. Standard aseptic surgical technique was used to place a spinal thermode in the epidural space of the thoracic vertebral canal. Insertion began at T, and extended posteriorly 7.5 k 0.2 cm (mean t SE). I nsertion was smooth with no unusual bleeding or seepage of cerebral spinal fluid. The open ends of the thermode were led through threaded Teflon buttons that protruded through the skin (modified from the procedure of Zatzman and South, Ref. 35). Ten animals were prepared with thoracic thermodes. One animal was prepared as a control with the thermode introduced only into the muscle mass between the scapulae. After control testing, this animal was reoperated to be tested with a thoracic spinal thermode.
Following a lo-day recovery period the animals were implanted stereotaxically with a thermode in the preoptic-hypothalamus (23, 30), bipolar recording electrode in the hippocampus, surface cortical (ECoG) electrodes, and thermocouple reentry tubes in the preoptic-hypo-thalamus and caudal colliculus.
Coordinates for preoptic placement for the single thermode were: anterior 15.1 mm in front of earbar zero, lateral 1.0 mm from midline, and ventral 13.5 mm below brain surface. The thermocouple sleeve was introduced at an angle so that the tips of the thermode and thermocouple sleeve were within 1 mm of each other.
After surgery the animals were treated for 3 days with 100,000 U Procaine Penicillin G administered intramuscularly.
An additional lo-to 14-day recovery period was allowed before experiments were begun. On the day of an experiment, thermode lines were connected to the spinal thermode buttons and/or preoptic thermode.
Electromyographic (EMG) pins were placed in the nuchal area to monitor shivering, heart rate, and movement. Shielded cables for the monitoring of cortical and hippocampal electrical activity were attached to the head pedestal. Thermocouples were placed so that preoptic (T,,,,), caudal colliculus (T,,.), cord outflow (T,,), subcutaneous (T,,), and skin (T,) temperatures could be monitored. In regard to the monitoring of spinal cord temperature it should be noted that the exact cord i location of temperature receptor cells in the spinal .s unknown.
Also a tra nsverse temperature gradient exists across the cord during all temperature manipulation. Therefore any cord te mperature measurement is, at best, an approximation of temperature at the receptor site (28). T,,, a conservative estimate of cord temperature, could be consistently regulated during all temperature manipulations in our experiments (22, 24) and was used as a basis of comparison among the animals.
Manipulations of temperature and flow rate of the water to the thermodes were performed as previously described (22, 24). Behavior was observed by remote video camera.
The animal was placed in a metabolism chamber (34 x 30 x 32 cm) and allowed to adjust for 1 h before thermode temperatures were manipulated. Food and water were not available to the animal during the 6-h testing periods. The recording cables and thermode lines were connected to a slip ring and lever arm assembly, allowing the animal full freedom of movement about the metabolism chamber.
Me tabolic rate and respiratory qu .otient (RQ) were determined by an open, con ,tinuous-flow system. Air was drawn from th .e chamber at a rate of 3 l/min, dried, and a portion of the withdrawn gas was analyzed for oxygen and carbon dioxide with a Beckman OM-14 oxygen analyzer and Beckman LB-2 analyzer for CO.,. Tk;e lag time of the system to first detection of 6.) change with a calibration gas was less than 1 min. AlI gas measurements were corrected to STPD. -A Grass model 5 polygraph was measured parameters.
All tern .pera used to record the ture measurements were multiplexed through one DC amplifier. 0, consumption was monitored continuously; CO., was noted on the record at intervals.
ECoG and ECG*and hippocampal activity were recorded through AC amplifiers. 
Experimental
Procedure B
To characterize the interaction of spinal cord and preoptic-hypothalamic thermal responsiveness, three of the series A animals and three animals that had not been previously tested were tested with a combination of brain and cord heating or cooling at T;, = 15OC. Either T,,,, or T,, was clamped at control levels while the other area was heated or cooled. Both areas were then altered in the same direction simultaneously. Manipulations were of 8-to 12-min duration with at least a 15-min recovery period between each trial. Insofar as possible, the amount of heating and cooling of the brain and cord was kept the same between experiments and among animals. A design consisting of two 3 x 3 Latin squares was followed to eliminate effects of order and animal variation on treatment. Changes in metabolism were calculated from mean 0, consumption during the stimulus compared to pretrial values.
Procedure C
To study shivering threshold alteration via stimulation of the spinal cord and/or the preoptic area, four animals (3 from series B and 1 not previously tested) were tested in this series of experiments such that T,, (independent variable) was raised to 40°C at T;, = 15OC. After 2 min, T,,, (dependent variable) was lowered to a given level for 2 min. A IO-min recovery period followed. Cord heating was again followed by T,,,, cooling to a new level. This process was repeated until T,,,, cooling reversed the metabolic effect of spinal cord heating. After an appropriate recovery period, the cord was then lowered to 33-34*C and T,,,, increased in the same manner that it had been cooled.
The obverse of the procedure was followed by first lowering T,,,, (independent variable) to 1°C below control levels and increasing T,, (dependent variable) in a stepwise manner. T,,,, was then increased 1°C above control levels and T,, decreased stepwise.
Histology. At the conclusion of all the experimental series, animals were killed with a lethal dose of pento-RIO9 barbital sodium and perfused with isotonic saline followed by 10% buffered formalin solution. Frozen sections of the brain were made and electrode placement verified. Spinal cord tissue was stained with osmic acid; paraffin sections were cut and examined for degenerating myelin.
RESULTS
General Considerations
The marmots remained in good condition throughout the length of the experimental term. Some were maintained up to 1 yr after surgery. Three of the ten operated animals developed some degree of paralysis of the hindlimbs. However, no differences between normal and partially paralyzed animals could be demonstrated in response to spinal cord heating and cooling. Histological examination of the cords from the few affected animals showed myelin degeneration to be limited to the fasciculus gracilis, fasciculus cuneatus, and dorsal or ventral spinocerebellar tracts. In no instance was there damage to the spinothalamic tract.
Series A Animals responded to lowered T1, with increased heat production. The metabolic rate of each animal prior to any manipulation of T,,,, or T,, was determined 1 h after the animal had been placed in the metabolic chamber. These metabolic rates are plotted in Fig. 1 . The temperature of the immediate animal chamber averaged about 4°C higher than the environmental room maintained at 5°C and about 2°C higher at room temperatures of 15 and 2OOC. The control metabolic rates at 22°C fell within the standard error of the estimates for metabolic rate as predicted by either the Kleiber (17) or Kayser (31) equations. In the remainder of the text T,, will refer to the temperature of the environmental room. During cooling of the thoracic cord, oxygen consumption, heart rate, and EMG activity increased. These increases were seen at all T,'s tested. Body temperature changes, as recorded from either T,,, or T,, during spinal cord cooling, are summarized in Table 1 . In the majority of trials T,, or T,,,, either increased or remained unchanged. Instances where T,, or Tr,O did not change were seen in all subjects at all states of arousal. Behavioral thermoregulatory activity did not occur in response to thoracic cord cooling.
Three vasomotor responses were seen in the cord cooling experiments. T,, and T, either decreased or increased in parallel during the stimulus, or remained unchanged. One response was not more prevalent at one air temperature nor were any of the responses related to changes in T,,,.
In response to heating the thoracic cord at the various T;,'s, oxygen consumption decreased or remained at minimal le licking and vels. Activity was grooming were ini minimal; in .tiated. Body a few cases temperature either-dropped or remained unchanged in 90% of the trials at T;, = 5"C, 78% of the trials at T;, = 15"C, and 92% of the trials at T,, = 20°C (Table 1) . Instances where T,, or T,,,, did not change were seen in all subjects.
Vasomotor activity in response to heating of the thoracic cord varied and was unrelated to T,,. T, and T,, increased in parallel. This increase may or may not have followed a change in T,,,. T,, was seen to decrease more rapidly than T, when T,,,, also decreased slightly.
The control animal did not respond to thermal stimulation of the back muscle. Once reoperated with a thoracic cord implant, the animal responded to temperature changes of the cord in the same manner as described above.
Preoptic heating and cooling at T;, = 15°C initiated changes in oxygen consumption such that increasing T,,,, produced decreases in oxygen consumption and decreasing T,," produced increases in oxygen consumption . Thermode placement tive area defined for the m was within the thermosensi-.armot (23). Beh avioral activity was not seen in response to T,,,, changes. Only one of six animals showed vasomotor activity consistent with that previously reported for the marmot (23). This particular animal was tested in August. The lack of Table 1 . During T,,,, heating, T,.,. remained unchanged in the majority of trials; during T,,,, cooling, increases in T,.,. were recorded in the majority of trials.
With cooling of either T,, or T,,,,, metabolic rate increased. Heating either To or T,,,, decreased metabolism + This trend. was found at all T;,'s tested, however the magnitud e of the metaboli c change for each thermal displacement varied with T;, and the thermosensitive structu .re that was stimulated.
A linear fun .ction describes the rel ationship between the change in metabolic rate and a change in either T,,,, or T,,. The lines derived from the xlooled Doints of all series A animals at each T;, are found in Fig'. 2. The least number of points contributed bv one animal was 2 at cord T;, = 15°C and u the most points contributed by one animal was 19 also at cord Tt, = 15°C. T,, was a conservative estimate of actual cord temperature and was reproducible within and between animals with the thermode system described (22, 24). For clarity, individual data points are excluded from (zero change) was occasionally followed by a decrease in oxygen consumption, responses to both increases and decreases in T, (T,,,) were plotted as a continuum. Analysis of covariance demonstrated no significant difference (P > 0.05) between the slope of the metabolic responses to T,, manipulation at T;, = 5 and 15°C. However, the regression at T, = 5°C was significantly displaced from the regression at T;, = 15OC. Both 5 and 15OC slopes were greater (P < 0.05) than that slope obtained at T,, = 2OOC. The change in metabolic rate produced by the same amount of heating and cooling was approximately four times greater when the hypothalamus was stimulated than when the spinal cord was stimulated at the same ambient temperature, T;, = 15°C.
The effects of thermal stimulation on sleep-wakefulness were assessed by comparing arousal states prior to, and during, the stimuli. Four categories were established: awake prior-awake during (A-A) ; sleep priorsleep during (S-S); awake prior-sleep during (A-S); sleep prior-awake during (S-A). Episodes of slow-wave sleep and paradoxical sleep were regarded together in the sleep category because paradoxical sleep episodes were rather rare and of relatively short duration. The change in arousal state was established if the time spent in an altered state was greater than the time spent in the prestimulus state. Illustrated in Fig. 3 are sample EEG recordings from a marmot at T, = 15°C. No change in arousal state accompanied the onset of flow in the prestimulus sleep state (Fig. 3A) or prestimulus awake state (Fig. 3B) . was scored as A-S because less than 6 min into the stimulus period at T, = 33°C sleep occurred and continued for several minutes after cessation of the cooling. Shortly after the flow on increases in EMG activity, which reflected shivering, were often seen. Later during the stimulation period upon the onset of sleep, the muscle activity as well as heart rate decreased.
The combined metabolic responses seen in Fig. 2 are shown grouped as to arousal state in Figs. 4-7 . At least four of the six animals are represented in each arousal state category at each T;, . At T;, = 20°C S-S, the n = 5 was derived from four animals; at T,, = 15"C, A-S, the n = 22 was derived from five animals with no more than eight points contributed by one animal. All slopes were tested for differences from zero slope with a t test at 0.05 significance level. In Fig. 4 (A-A) only the slope describing the response at T, = ZO"C, was not significant, Analysis of covariance was performed on all slopes excluding T;, = 2O"C, A-A. This analysis showed that within a given T;,, regressions describing the metabolic responses during the arousal states differed as follows
at T;, = 59c, S-A* > S-S* > A-A, A-S at T;, = lS"C, A-A* > S-S, S-A, A-S at T;, = 20°C S-A* > A-S* > S-S, A-At
Within a given arousal state metabolic responses also varied with T,. During A-A (Fig. 4 ) the response at, T, = 15OC was greater than the response at, T, = 5°C. Recorded metabolic responses brought about by a change in hypothalamic temperature also varied with arousal state. Slopes (b), Y-intercepts (cu), and correlation coefficients (r) for responses to cooling and heating of the hypothalamus are sbmmarized in Table 2 . Slopes were calculated on the basis of A metabolic rate/A T,,,,. The responses elicited during S-A were significantly greater than those elicited during A-S. The responses during A-A although not different in sensitivity from A-S were significantly (P < 0.05) displaced, that is, the intercepts were different. A-A and S-A responses did not differ in slope or intercept. Insuf&ient data points prohibited analysis of the responses that occurred during S-S.
During all other categories of arousal (A-S, S-S, S-
Correlation of changed arousal state to stimulus quality were made using a chi-square test for percents. At T;, = 5"C, sleep occurred in 14 of 18 toolings initiated during a prestimulus awake state. The same correlation was found at T;, = 15°C where sleep occurred in 16 of the 22 toolings begun during the prestimulus awake state. These correlations were significant at P < 0.05 level. Table 3 . Only absolute cord, stimuli were different between replications. Change in metabolic rate was the parameter that was monitored for comparison. When analyzed as a Latin square with two replications, only animal-toanimal variation (row effect) was significant. Bartlett's test for homogeneity of variance was performed and no significance was found. Because of the differences in absolute cord stimulation between the two replications; each was analyzed separately as a Latin square. No differences were found among treatments, animals, or order of testing. One trend was seen in the response within the second replication, That is, the decrease in heat production during combined elevation of both the T,,, and T,, was slightly greater than when either was stimulated separately.
The intensities of the stimuli used for the cooling combination experiments are also in Table 3 . There were no differences in intensities of the stimuli between replications.
Cooling combination experiments demonstrated no difference in treatment effect, animal variability or testing order when analyzed as a Latin square with two replications.
Because of the large variance prior to analysis, data were sorted as to state of arousal. All states, as described for series A, were found in this series as well. However, insuficient points in each category of arousal state and temperature combination prohibited further analysis l Series C The independent variable for each group of experiments and the dependent threshold temperature needed to reverse the metabolic response of the four animals used in this series are summarized in Table 4 . Each animal was tested at least once for each reversal test. Control values during A-A are shown in Fig. 8 , 
Absolute T. "P AT, "C Absolute T, "C: .--~~_.
- heating the preoptic area initiated decreases in metabolic rate at the same temperature (38.7"C) as when T, was not altered (38.8'0 In experiments where T!,, was the independent variable, alteration of T, could not always reverse the response initiated by changes in T,),. Lowering the temperature of the cord by 9°C could not produce thermogenesis in one animal with a TlrO increase of 0,9OC. When reversal of thermogenesis was seen with elevated Tlro and decreased T,, the threshold for the cord response was significantly altered (37 .S-295°C). When T,,, was decreased, T, decreased thermogenesis at 4O.l"C. This is compared to 37.8"C when T,,, was unaltered. The marmots responded similarly to changes in spinal cord temperature at all T,,'s tested. Inasmuch as neither vasomotor activity nor behavioral thermoregulatury activity changed with T,, it may be concluded that the major thermoregulatory response of the marmot to spinal cord temperature change is one of metabolic alteration, an observation that is consistent with previous findings of our laboratory (30). When the data were pooled without regard to arousal state, the response was such that the lower the T;, the more the temperature of the cord had to be dropped to initiate an increase in metabolic rate. Hypothalamic sensitivity as recorded in these experiments was less than those reported by other investigators (5, 23). Several explanations could account for the discrepancy.
Florant and Heller (5) report the placement of their bilateral thermode system tended to be "anterior to the anterior commissure and over the optic chiasm." Thermode placement in our experiments was unilateral (a difference that may be at the heart of the matter) and just posterior to the anterior commissure and at the posterior border of the thermosensitive Altering T,,,, always reversed that thermoregulatory response initiated by either decreases or increases in T,,. Using the T],,, threshold value shown in Fig. 8 That the metabolic rates measured compared with those predicted by the Kleiber (17) and Kayser (31) equations supports the conclusion that the oxygen consumption measurements made from the system used in our experiments were real + Considering metabolic changes to heating and cooling as a continuum may also cause the calculated slope for hypothalamic temper-;iturc sensitivity to be less than that reported by others. Metabolic alterations were observed at all hypothalamic displacements tested in our experiments. In spite of the differences between investigators concerning the exact magnitude of hypothalamic sensitivity, it still may be concluded that at T;, = 15°C the major thermogenic drive for the marmot was the temperature of the hypothalamus and not the temperature of the spinal cord. This conclusion is supported by both the large gain and the lower threshold of the metabolic response for the T,,,, displacement over the T,, initiated response. It should be emphasized that the T,,,, and T,, thresholds reported here for the marmot at T,, = 15°C are similar to those that have been reported for the dog (37.3"C for the cord, Si75"C for the hypothalamus, T;,, 18"C, Ref. IS)]. Furthcr support to the conclusion that the hypothalamus was a dominating structure in the thermoregulation of the marmot is derived from the findings that T,,,, alteration could always override the cord threshold response but the reverse was not true. However, the cord and hypothalamus did interact, and this was especially &dent with T,, elevation. An elevation in T, was a greater stimulus to altering metabolism than was decreasing temperature, a result similar to that reported for the dog, ox, goat, pig, and pigeon (11, 13, 15, 16, 26).
Simultaneous heating or cooling of both the hypothalamus and spinal cord did not result in predictable changes in metabolism as were recorded in the dog (14). Although heating always produced a decrease in metabolism and cooling an increase, the iombined change was not always greater than when either the cord or hypothalamus was stimulated separately. The significance of row effects, i.e., animal-to-animal variability, may indicate a heterogenous population of animals. However, Bartlett's test showed that the population was homogeneous. The animal variability may be due to the interaction between the thermoregulatory mechanisms and other factors; not the least of which may be states of arousal. Several investigators have recorded alterations in electrical activity in the brain in response to temperature change of the hypothalamus (4, 25). Also, temperature manipulation of the spinal cord has been shown to alter the EEG recorded from the hypothalamus in guinea pigs (33). Although EEG was not recorded, sleeplike states have been reported to occur with heating of the spinal cord in monkeys and in pigs (3, 18). were not reported.) The response at T;,= 15°C was greater than at T;, = 5°C during A-A. This was unexpected and probably reflects an already elevated metabolic rate due to the influence of the low ambient temperature. It is probable that the more plastic thermoregulatory system of a hibernator permits the operation of mechanisms other than those associated with resistance to temperature change. This is likely to be related to the number of A-S instances measured at the lower ambient temperatures.
In our experiments, the greatest cord thermal sensitivity occurred during S-A at T;, = 5°C. It may be speculated that combined interactions of signals from peripheral receptors, cord receptors, and arousal from the reticular formation and hippocampus are similar to those signals occurring during arousal from hibernation. The regulated set temperature would then be reestablished at a more sensitive level. Although it may seem inconsistent that the gain in the response at T,, = 5°C S-S is greater than during A-A or A-S, it should be noted that the displacement of T,, which must be made to initiate a positive change in metabolic rate, is greater than during the other states of arousal; that is, the threshold is shifted to a lower temperature.
The sensitivity of the thermal regulatory system during the changing arousal states A-S and S-A does not follow a consistent pattern across the T;,'s tested. The arousal mechanisms that modulate any thermal regulatory response are further affected by input from peripheral receptors. The exact location at which these modulating effects take place is not known. Spinal and skin temperatures do affect firing rate of preoptic neurons however (2).
Changes in the distribution of arousal states in response to cooling of the cord were similar to those seen in the earliest stages of entry into hibernation. At low T;,, there occurred the onset of sleep as cooling of the cord was initiated during the awake state. A similar response to lowering the T,,, has been noted (30). It is known that hibernation is entered from slow-wave sleep (30) and that waves of about 6 Hz can be recorded in the preoptic area. During spinal cord cooling wave frequency also decreases in the preoptic area of guinea pigs (33). Cold-sensitive receptors in the spinal cord activated by decreasing body temperature during entry could act in some way to perpetuate the reduced arousal state. Simultaneous measurement of hypothalamic as well as hippocampal and cortical electrical activity during cord cooling and entry into hibernation should be compared to investigate this possibility. The interaction of arousal state and TI,, manipulation in the marmot suggest that preoptic thermosensitivity may decline as arousal state proceeds from awake to sleep. This concept is also supported by the experiments in kangaroo rats (6, 10) where preoptic thermosensitivity declined during slow-wave sleep.
Arousal initiated from prestimulus sleep states was correlated with both heating and cooling of the hypothalamus. Although this might be taken to indicate a nonspecific response, we regard this as unlikely inasmuch as the same range of stimuli were found in all arousal categories. Further interpretations of these particular results should await more experimental information.
Although the temperature receptors in the spinal cord of normothermic marmots initiate a response of lesser magnitude than that initiated by the hypothalamus, these receptors must be included in models that describe the total thermoregulatory patterns of this hibernator. The sensitivity of metabolic response to
